Angiogenesis is a critical, fine-tuned, multi-staged biological process. Tip-stalk cell selection and shuffling are the building blocks of sprouting angiogenesis. Accumulated evidences show that tip-stalk cell selection and shuffling are regulated by a variety of physical, chemical and biological factors, especially the interaction among multiple genes, their products and environments. The classic Notch-VEGFR, Slit-Robo, ECM-binding integrin, semaphorin and CCN family play important roles in tipstalk cell selection and shuffling. In this review, we outline the progress and prospect in the mechanism and the roles of the various molecules and related signaling pathways in endothelial tip-stalk cell selection and shuffling. In the future, the regulators of tip-stalk cell selection and shuffling would be the potential markers and targets for angiogenesis.
Endothelial cells (ECs) remain quiescent in most healthy adults. Angiogenesis, the growth of new blood vessels occurs under many physiological conditions, such as embryo development, and pathological conditions, such as chronic inflammation, certain immune reactions and cancers (Potente et al. 2011) . The growth of vascular system involves tip cell selection, sprout formation, tip cell migration, stalk cell proliferation, and ultimately vascular stabilization. The distal end of each sprout contains a specialized EC, termed tip cell. Tip cells are motile, invasive and highly polarized with a large number of long filopodial protrusions which can extend, lead and guide endothelial sprouts, so navigation is just the main job of tip cells (De Smet et al. 2009 ). Tip cells sense the attractive or repulsive cues by filopodia, then translate signals into the process of adhesion (front) and de-adhesion (rear) , and ultimately lead to cell movement (Carmeliet and Jain 2000) . Stalk cells trail tip cells (De Smet et al. 2009 ), proliferate, elongate the sprouts, form lumens, and construct blood circulation under suitable conditions. But stalk cells do not extend filopodia. Tip-stalk cell selection and shuffling are basic events of angiogenesis regulated by the balance between a variety of pro-angiogenic and anti-angiogenic factors and their downstream signaling network (Carmeliet and Jain 2000) . During sprouting, ECs take a series of changes, and compete for the leading positions; previously inhibited stalk cells can be relieved from their inhibition and become new tip cells. Thus, the specification of endothelial tip and stalk cells does not represent permanent cell fate decisions, but dynamic phenotype specification in flux.
Tip-stalk cell selection and shuffling during angiogenesis
The phenotypes of tip and stalk cell are remarkably transient and exchangeable. Tip and stalk cells shuffle and compete for the leading tip positions (Jakobsson et al. 2010) . During angiogenesis, vascular endothelial growth factors (VEGFs)/ Wenqi Chen, Peng Xia, Heping Wang, Jihao Tu and Xinyue Liang contributed equally to this work.
Notch signaling pathway performs continuous reevaluation and many other signaling pathways are identified to participate the regulation of tip-stalk cell selection and shuffling (Moya et al. 2012) . ECs may change in metabolism, gene expression, and phenotype, responding to the extracellular signals (Kim et al. 2011) . A cascade of events is involved in angiogenesis, including tip cell selection, sprout formation, stalk cell proliferation, and ultimately vascular stabilization (Belair et al. 2016) . The tip and stalk cell markers are listed in Table 1 .
Tip selection: Competition of leading positions
During angiogenic sprouting, ECs migrate and compete with each other for the leading tip positions (Bentley et al. 2008) . Tip cells are induced and guided by extracellular microenvironment and the expression level of VEGF receptors (VEGFRs) on cell surface ( Fig. 1) (De Smet et al. 2009 ). The ECs with higher VEGFR2 and lower VEGFR1 levels have a better chance to take and maintain the leading positions; VEGFR3, which is highly expressed in tip cells, is induced and activated by extracellular VEGFC (Bentley et al. 2008) . Especially, VEGFR3 down-regulates VEGFR2 pathway, and VEGFR levels have a marked effect on the upstream of Notch by regulating delta-like 4 (Dll4) levels. The tip cell selection relies on Dll4-Notch signal pathway, which regulates the lateral inhibition and competitive interactions among the tip cells and stalk cells. Compared with stalk cells, tip cells express higher levels of Dll4, and are more susceptible to the alteration of Notch, the receptor of Dll4. As extracellular VEGF binds to VEGFR2 or VEGFR3 on the membrane, tip cells or tip-to be cells receive more VEGF, and then express higher level of Dll4. Notch signaling pathway on adjacent cell membrane is strongly activated; further, the adjacent cells express higher level of VEGFR1 and lower level of VEGFR2 and VEGFR3 (Benedito et al. 2012) . As a result, adjacent cells keep low level of Dll4, and finally turn to stalk cells. With low level of Dll4, stalk cells cannot activate Notch on the tip cell membrane. Thus, tip cells maintain higher VEGFR2 and lower VEGFR1 in leading positions (Benedito et al. 2012) . Notch affects the expression of VEGFRs, while VEGFR activity affects expression of Dll4, the ligand of Notch. Therefore, the two pathways integrate into an intercellular feedback loop (Geudens and Gerhardt 2011) . VEGF-VEGFR-Dll4-Notch-VEGFR feedback loop patterns ECs into tip and stalk cells (Weavers and Skaer 2014) . Activated Notch signaling pathway stabilizes tip cells and inhibits excessive conversion into tip cells; in the absence of Notch signaling pathway, stalk cells are no longer specified and become tip cells due to the dysfunction of Notch-VEGFR feedback-mediated lateral inhibition (Carlier et al. 2012 ).
Cell motility
ECs migrate and elongate the sprouts primarily guided by lamellipodia and filopodia, which detect the environment (De Smet et al. 2009 ). Filopodia and lamellipodia are highly dynamic. They can generate from cell membrane within minutes after receiving signals from the microenvironment (Ridley et al. 2003) . Lamellipodia are very short, and contain a highly branched network of actin. The action of lamellipodia promotes the membrane movement in the direction of migration (Ridley et al. 2003) . Filopodia are composed of long spiky plasma membrane. They contain tight parallel bundles of filamentous actin (F-actin), Filopodia usually extend from lamellipodia and primarily explore and perceive the local signals (Lebrand et al. 2004) . Attractive signals induce F-actin polymerization and filopodia extension. Filopodia and lamellipodia also adhere the extracellular matrix (ECM) and form focal adhesions, which bridge the cytoskeleton and ECM. The focal adhesions work as anchor points. Then stress fibers of actin/myosin filaments pull the cell toward the anchor points and cells finally move forward (Lamalice et al. 2007 ). Main steps of endothelial cell motility are as follows: ECs are activated by stimulation; filopodia determine the moving direction; lamellipodia form protrusions, extend the cell body, and the protrusions attach to ECM by the focal adhesion; stress fibers mediate cell body contraction, move forward and release rear (Prokopiou et al. 2016 ).
Tip stalk shuffling
Tip stalk shuffling is the process that the tip cell is dynamically challenged and replaced by migrating cells from the stalk region (Carmeliet et al. 2009 ). When stalk cells are not the neighbors of tip cells and receive no inhibitory signal from tip cells, stalk cells would replace tip cells whereas tips cell turns back to the basement position of the sprout and turn to C1qtnf9, Cd36, Csrp2, Ehd4, Fbln5, Hspb1, Ligp1, Il6st, Jam2, Lgals3, Lrg1, Meox2, Plscr2, Sdpr, Selp, Spint2, Tgfbi, Tgm2, Tmem176a, Tmem176b, Tmem252, Tspan7, VEGFR1, Ankrd37, C1qtnf6, Cldn5, Col4a1, Col4a2, Cotl1, Dll4, Ednrb, Fscn1, Gpihbp1, Hspg2, Igfbp3, Inhbb, Jup, Kcne3, Kcnj8, Lama4, Lamb1, Lxn, Marcksl1, Mcam, Mest, N4 bp3, Nid2, Notch4, Plod1, Plxnd1, Pmepa1, Ptn, Ramp3, Rbp1, Rgcc, Rhoc, Trp53ill, Unc5B, VEGR2, VEGFR3 stalk cells. VEGF-C activates VEGFR-3 in tip cells to reinforce Notch signaling, which contributes to the tip to stalk conversion of ECs at fusion points of vessel sprouts (Tammela et al. 2011) . Notch signaling flux in individual cells results in differential VE-cadherin turnover and junctionalcortex protrusions, so eventually drive tip stalk shuffling (Bentley et al. 2014) . The dynamic position shuffling depending on the VEGF-Notch feedback promotes reiterative sprouting and branching and thus robust network formation during angiogenesis (Bentley et al. 2008 ).
Influencing factors of tip-stalk cell selection and shuffling during angiogenesis
Tip and stalk cells shuffle, and tip cells further fuse a lumen, and finally form a vascular network (Toomey et al. 2009 ). A number of factors and signaling pathways have been involved in tip-stalk cell selection and shuffling (Fig. 2) .
Microenvironment
Angiogenesis involves the interaction between ECs and the surrounding environment, such as myeloid cells and vascular pericytes. In most vascular beds, ECs locate on the basement membrane (Delgado et al. 2011 ). In the complex three-dimensional environment in vivo, ECs are subject to a variety of physical, chemical and biological factors (Lamalice et al. 2007) . In response to angiogenic cues, ECs loosen their cell-cell junctions and activate proteases that degrade the surrounding basement membrane (Carmeliet and Jain 2011) . Extensively invasive and motile behavior is acquired to initiate new blood vessel sprouting (Herbert and Stainier 2011). The stromal cells, such as lymphatic vessels, activated fibroblasts, macrophages, and other immune cells, are also part of the blood vessel microenvironment. Cells in microenvironments release a series of soluble factors induce myeloid cells to mobilize, home, and differentiate into macrophages or neutrophils. In this dynamic process, the ligands and receptors on EC surface recognize each other. The interactions between ECs and microenvironment regulate their association with perivascular cells or macrophages, and also help determine their fate as tip cells or stalk cells (Weis and Cheresh 2011) . There are too many components in the microenvironment, so the computational model is developed to investigate them together (Weinstein et al. 2017) .
Time
In addition to the lateral inhibition determines cell fate (Sjoqvist and Andersson 2017) , new models are proposed to supplement. Asymmetric division generates daughters of distinct size (Costa et al. 2016) . The larger distal daughters will inherit more VEGFR activity and VEGFR2 mRNA levels to maintain tip Identity. Time may also be an important factor (Costa et al. 2016 (Venkatraman et al. 2016) . 
Metabolic pathways
Angiogenesis has been traditionally studied by focusing on the balance between pro-angiogenic and anti-angiogenic signals, but metabolism is receiving more attention now (Eelen et al. 2018) . Nevertheless, glycolysis, one of the major metabolic pathways that convert glucose to pyruvate, is required for the phenotypic switch from quiescent to activated ECs. During vessel sprouting, the glycolytic activator PFKFB3 (6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3) promotes vessel branching by rendering ECs more competitive to reach the tip of the vessel sprout (De Bock et al. 2013) , while fatty acid oxidation selectively regulates proliferation of endothelial stalk cells (Schoors et al. 2015) . Glutamine is another source of nutrients for ECs. The majority of TCA carbons and nitrogen in ECs derive from glutamine (Kim et al. 2017) . Glutaminase 1 (GLS1) promotes competitiveness to obtain the tip position (Huang et al. 2017 ). These studies show that metabolic pathways in ECs regulate vessel sprouting (Cantelmo et al. 2015) .
Key signaling pathway network in tip-stalk cell selection and shuffling
As receptors receive extracellular signals, signals are transduced through cascade amplification. In the processes of tip-stalk cell selection and shuffling, the regulatory pathways are connected to form a sophisticated network (Fig. 3) . The related pathways will be introduced from extracellular to intracellular.
Inflammatory cytokines pathways
Inflammatory cytokines, including tumor necrosis factor α (TNFα) and bradykinin, induce tip cell phenotype (Eelen et al. 2013) . Brief exposure to tumor necrosis factor-α (TNFα) is enough to induce performing tip cell phenotype and the expression of tip cell markers platelet-derived growth factor BB (PDGF-BB) and VEGFR2, therefore helps guide angiogenic sprouting (Zecchin et al. 2017) . The inflammatory cytokine TNF-α up-regulates Jagged1, however downregulates Dll4 transcript levels (Sainson et al. 2008 ).
Interleukin-8(IL-8), a chemotactic and inflammatory cytokine, belongs to the CXC subfamily. IL-8 not only induces cell membrane ruffles and the extension of lamellipodia, but also increases actin stress fibers which both suggest tip cell fate (Lai et al. 2011) . The activation of phosphoinositide 3-kinase (PI3K) -Ras-related C3 botulinum toxin substrate 1(Rac1)/ Ras homolog family member A (RhoA) pathway plays an important role in IL-8-induced tip selection (Lai et al. 2011) . Ligand Cxcl12a and the chemokine receptor CXCR4 are critical in controlling Notch-dependent angiogenesis (Pitulescu et al. 2017 ); Sphingosine-1-phosphate (S1P) is an anti-inflammatory phospholipid derivative with angiogenic properties and chemotaxis. It is also involved in the formation of lamellipodia on ECs. S1P is released from activated platelets, and functions via binding to S1P-G protein-coupled receptor (S1P1). S1P1 signaling is involved in the translocation of Arp2/3 complex. Arp2/3 complex translocates from intracellular to the migratory edge and leads to the formation of lamellipodia. This process relies on cell division control protein 42 (Cdc42) and Rac1 activation (De Smet et al. 2009 ). Cell proliferation, inflammation, and angiogenesis are mediated through bioactive S1P binding to specific GPCRs and some other less wellcharacterized intracellular targets. Ezrin-radixin-moesin (ERM) proteins, a family of adaptor linking the cortical actin cytoskeleton to the plasma membrane, are critical regulators of cell morphology and motility (Adada et al. 2015) .
Notch-VEGFR pathway
Notch pathway plays the most important role in regulating tip and stalk cell selection, shuffling, and the number of tip cells in angiogenesis (Xu et al. 2014) . The role of Notch signaling Fig. 2 Influencing factors of tipstalk cell selection and shuffling is to repress a tip cell identity. Notch signaling inhibits VEGFR2 expression indirectly through inducing HEY2, and activation of Notch induces VEGFR1 transcription and VEGFR1 protein production (Xu et al. 2014) . Notch signal also changes the balance of EC membrane receptors expression in response to extracellular signals (Kofler et al. 2011) .
VEGF is one of the vital factors affecting tip cell selection. In addition to the effects described above, VEGF also has other features. The VEGF family consists of only a few members and VEGFA is the main component, and it stimulates angiogenesis in health and disease by signaling through VEGF receptor-2 (VEGFR2, also known as FLK1) (Ferrara 2002) . VEGFA isoforms have a spatial concentration gradient in the matrix, which promotes the tip cells filopodia extension induced by chemotaxis (Adams and Alitalo 2007) . During retinal angiogenesis, identification and function of tip cells require the appropriate expression and location of VEGFR1, VEGFR2 and VEGFR3. Reduced VEGFR2 in retina decreases vascular density (Tammela et al. 2008) , characterized as the lower number of ECs with filopodia extending, suggesting the loss of tip cells (Gerhardt et al. 2003) . In contrast, reduced VEGFR1 increases the number of tip cells (Bentley et al. 2008) . In activated vascular endothelium, VEGFR3 is confined to the extending filopodia of tip cells. Blocking VEGFR3 reduces the number of sprouts and branch points, as well as EC proliferation (De Smet et al. 2009 ). VEGF signaling via VEGFR2 enables tip cell formation, whereas Dll4 signaling induces stalk cells. VEGFR2 is required for the sprouting of endothelial cells that display low Notch activity (Zarkada et al. 2015) . VEGFR3, the main receptor for VEGFC, was modulated by Notch (Benedito et al. 2012) . VEGFR3 cannot rescue the angiogenic sprouting associated with loss of Notch signaling. There is higher NRP1 on tip cells than on stalk cell. After inhibition of Notch signaling, NRP1 is strongly up-regulated (Hellström et al. 2007 ). NRP1 is a coreceptor for VEGFR2 and positive modulator of VEGFR2 signaling. Genetic mosaic analysis shows that NRP1-positive ECs reach the tip cell position compared with NRP1-negative ECs in chimeric vessel sprout (Fantin et al. 2013) . NRP1 flips into forming rapid VEGFR2/NRP1 complex in the same cell, regulates VEGFR2 signaling, but suppresses angiogenesis on different cells (Koch et al. 2014) . NRP1 consumption decreases cell migration by suppressing the phosphorylation of focal adhesion kinase (Li et al. 2016) . Ca 2+ oscillations depend upon VEGF receptor-2 (VEGFR2) and VEGFR3 in ECs budding from the dorsal aorta (DA) and Fig. 3 The signaling pathways are connected to form a sophisticated network to regulating tip selection during angiogenesis
The endothelial tip-stalk cell selection and shuffling during angiogenesisposterior cardinal vein, respectively. Thus, visualizing Ca 2+ oscillations allowed us to monitor EC responses to angiogenic cues VEGFR-dependent (Yokota et al. 2015) .
The ligands of Notch include Dll1, 3, 4 and Jagged1, 2. They play important but different roles in angiogenesis. Inhibition of DLL-class or Jagged class Notch signaling differentially regulated VEGFR-1 expression. Jagged class inhibitors increased VEGFR-1 transcripts, whereas DLLclass inhibitors decreased VEGFR-1 transcripts (Kangsamaksin et al. 2015) . It is known that the difference in blockers affects the expression level of soluble protein (sVEGFR-1/sFlt-1) (Kangsamaksin et al. 2015) . The key role of Notch-Jagged signaling in mediating differences between physiological and pathological angiogenesis can be used in novel therapeutic approaches, such as developing decoys that can selectively target Jagged /NOTCH (Kangsamaksin et al. 2014) . Such an attempt may provide a viable and safer alternative to targeting tumor angiogenesis (both via Delta and Jagged) (Boareto et al. 2015) .
The new regulators of Notch pathway are summarized as follows. The transmembrane protein Tmem230a is a novel regulator of angiogenesis by cooperating with Notch signaling pathway. Self-regulation of Tmem230a expression is sufficient to rescue improper number of endothelial cells induced by the Dll4/Notch pathway in zebrafish (Carra et al. 2018 ). Fzd7 (frizzled-7) may participate to the lateral inhibition for tip/stalk cell through regulating expression of Dll4 in tip cells (Peghaire et al. 2016 ). Fzd7 controls Notch signaling through the regulation of Jagged1 and Dll4 expression by activation of β-catenin (Peghaire et al. 2016 ). Synaptojanin-2 binding protein (SYNJ2BP) interacts with the PDZ binding motif of DLL1 and DLL4, but not with the Notch ligand Jagged-1. SYNJ2BP is preferentially expressed in stalk cells, enhances DLL1 and DLL4 protein stability, promotes Notch signaling in endothelial cells and induces expression of the Notch target genes (Adam et al. 2013) . It inhibits the expression of genes enriched in tip cells and impaired tip cell formation. SYNJ2BP as a novel inhibitor of tip cell formation executes its functions predominately by promoting Delta-Notch signaling (Adam et al. 2013 ). BMP2 and BMP6 balance stalk vs. tip cell competence through differential BMP receptor-dependent Notch signaling pathways (Benn et al. 2017) . FOXO1 binds to the enhancer in intron 3 of DLL4, then PI3K/AKT regulates ERK-dependent DLL4 activation by controlling FOXO1 activity. FOXO1 inhibits ERK signaling through related target genes. FOXO1 inhibits VEGF-Notch-dependent tip cell formation by inhibiting DLL4 in response to VEGF expression (Dang et al. 2017) . Another Inhibitor of Dll4-Notch1 Signaling is G protein-coupled receptor-kinase interacting protein-1 (GIT1) (Majumder et al. 2016 ). GIT1 regulates the stalk cell phenotype through enhancing Dll4 expression and Notch1 signaling. Lack of GIT1 associates with tip cell formation decrease and retinal sprouting angiogenesis impair. Notch signaling affected by NADPH oxidase organizer 1 (NoxO1) (Brandes et al. 2016 ). Lack of NoxO1 attenuates Notch signaling, promotes tip cell numbers and increases angiogenesis (Brandes et al. 2016) . Notch signaling negatively regulates Isl2a expression, while Isl2a positively regulates VEGFR3, a VEGF-C receptor repressed by Notch (Lamont et al. 2016) . Thus Isl2a may act as an intermediate between Notch signaling and VEGF singaling.
Slit-Robo pathway
Slit-Robo pathway has many diverse functions including axon guidance and angiogenesis. Slit refers to a secreted protein and Robo refers to its transmembrane protein receptor. Slit2 can promote or inhibit angiogenesis, depending on the condition of the molecule (Worzfeld and Offermanns 2014) . The interaction of SLIT2/ROBO1/ ROBO4 to control angiogenesis involves the endothelial receptor Robo4 (R4), which interacts with another protein and activates an antiangiogenic pathway that counteracts VEGF downstream signaling (Gimenez et al. 2015) .
Robo4 is the only EC-restricted member in Roundabout gene family, and is an effective tumor endothelial marker (Yoshikawa et al. 2013) . The function of Robo4 in angiogenesis still remains controversies (Herbert and Stainier 2011). The conjectures are mainly divided into two categories: in a tip cell, unligated Robo4 stimulates filopodia formation, cell migration and angiogenesis; whereas Robo4 binds Unc5B on adjacent phalanx cells, leading to stabilization of the vasculature (Sheldon et al. 2009 ). Endothelial transmembrane protein Unc5B is highly expressed on tip cells and is identified as the ligand of Robo4. When Robo4 binds Unc5B on an adjacent endothelial cell, Unc5B releases an anti-migratory stabilizing signal (Koch et al. 2011) . The function of Robo4 may be context-dependent.
Semaphorin pathway
Semaphorins are membrane-bound or diffusible factors that regulate key cellular functions and are involved in cell-cell communication. Most of the effects of semaphorins are mediated by a family of transmembrane receptors known as plexins. Plexins belong to the c-Met family, but lack an intrinsic tyrosine kinase domain. Intriguingly, activated plexins can transactivate receptor tyrosine kinases, such as MET, VEGFR2, FGFR2, and ERBB2, and lead to distinctive effects in a cell-context-dependent manner (Tamagnone 2012) . Different semaphorins have different effects on ECs (Worzfeld and Offermanns 2014) . Activation of plexin D1 on ECs by full-length SEMA3E inhibits tumor angiogenesis. Other semaphorins, such as SEMA3A, SEMA3B, SEMA3D and SEMA3F also exert anti-angiogenic effects by inhibiting integrin function. In contrast to the class 3 semaphorins, SEMA4D, SEMA5A and SEMA6A promote angiogenesis. Most semaphorins source from cancer cells. In addition to cancer cells, tumor-associated macrophages serve as a source for SEMA4D. But SEMA3A and SEMA6A come only from ECs during tumor angiogenesis (Segarra et al. 2012 ). Activation of Plexin-B1 by SEMA4D promotes angiogenesis through RhoA and ROK by regulating the integrin-dependent signaling networks that result in the activation of PI3K, Akt and NF-kappaB (Basile et al. 2007; Yang et al. 2011 ). So semaphorins may have an influence on VEGFRs and further influence cell fate.
ECM-integrin pathway
ECM components, such as laminin, fibronectin and collagen, interact with integrins, and lead to the tip formation. Integrin induces cytoskeletal rearrangements, and different integrin has different effects; for instance, α5ß1 and αvß3 (both receptors of fibronectin) differentially regulate activation of Cofilin and migration (Fukushi et al. 2004 ). Ligation of α2β1 and α6β1 integrins, as a receptor of laminin, induces the Notch pathway, and plays a role in tip-stalk cell selection (Estrach et al. 2011 ).
Matricellular proteins
Osteopontin (OPN), a multifunctional glycoprotein, regulates bone remodeling. OPN is an alphavbeta3 integrin ligand which involves in angiogenesis (Rao et al. 2013) . The biological activity of OPN on endothelial cell migration is controlled by its phosphorylation status (Poggio et al. 2011 ). The ECMassociated ligands can lead to constantly VEGFR2 polarization in ECs. Then the receptors can relocate to closely contact with ligand-enriched matrix. However, the relocation of VEGFR2 almost cannot do without lipid raft integrity and activation of integrin β3 pathway (Ravelli et al. 2015) . Integrin α 5 β 1 participates in the activation of both VEGFR-3 and its downstream PI3K/Akt signaling pathway (Zhang et al. 2004) . The relationship between VEGFR-2 and integrin β3 appears to be synergistic, because VEGFR-2 activation induces integrin β3 tyrosine phosphorylation, which, in turn, is crucial for VEGF-induced tyrosine phosphorylation of VEGFR-2 (Mahabeleshwar et al. 2007) .
CCN proteins (CYR61/CCN1, CTGF/CCN2, NOV/ CCN3, and WISP1/CCN4, WISP2/CCN5, WISP3/CCN6 are a family of secreted matricellular proteins implicated in major cellular processes such as endothelial cell growth, migration, differentiation (Henrot et al. 2018) . CCN proteins can interact with growth factors such as VEGF to promote angiogenesis (Kubota and Takigawa 2007) . Among them, CCN1, 2, 3 angiogenesis inducers play an important role in vascular development and maintenance (Jun and Lau 2011) . Given their complex functions, Table 2 is to illustrate their role in angiogenesis.
Intracellular network
VEGF activates extracellular signal-regulated kinase (ERK) and mitogen-activated protein kinase signal transduction pathways, inducing EC proliferation and migration (Fish et al. 2017) . ERK is a specific effector of VEGFA signaling (Shin et al. 2016) , and ERK activity could be a novel marker to determine the activation of cells in angiogenesis (NagasawaMasuda and Terai 2016).
Different signaling cascades converge to small GTPases activation to regulate filopodia and lamellipodia formation of ECs. Rho small GTPases have been identified as a key molecule of cell migration and morphogenesis (De Smet et al. 2009 ). It regulates filopodia and lamellipodia formation. RhoA, Rac1 and Cdc42 are activated in response to various membrane receptors, including tyrosine kinase receptors and G protein-coupled receptors. Cdc42 and Rac1 regulate formation of filopodia and lamellipodia through activating PAK; RhoA promotes stress fibers formation via Rho-associated serine-threonine protein kinase (ROCK), and facilitates cell adhesion and migration. PAK and ROCK activate LIM Kinase (LIMK), and block F-actin depolymerization. Activated Cdc42 and Rac1 interact with the WASP-Arp2/3 complex and induce F-actin branching. In response to VEGF, Cdc42 triggers filopodia formation and regulates cell polarization through microtubule, whereas Rac1 and PAK modulate lamellipodia formation (De Smet et al. 2009 ).
Once filopodia begin to extend, it interacts with ECM components via integrin, such as laminin, fibronectin and collagen, lead to the formation of focal adhesions (Fischer et al. 2018) . FAK is an important regulator of this process. There are many studies showing that integrin promote cell migration through FAK. FAK downstream signaling pathway is also involved in cell migration. One characterized pathway is via FAK/Src complex, in combination with p130cas phosphorylation (Zhao and Guan 2011) . The activation of Src induces the changes of actin cytoskeleton and cell migration (Kerbel 2008) . Disruption of FAK combining with Src or p130cas prevents phosphorylation of p130cas at multiple sites and reduces cell migration. Tyrosine phosphorylation of p130cas associates with the proteins containing SH2 domain, such as Crk. Cas/Crk complex plays a key role on membrane ruffling and cell m i g r a t i o n t h r o u g h d e d i c a t o r o f c y t o k i n e s i s 180(DOCK180) and Rac.. The activated PI3K stimulates cell migration through the downstream effector Rac. PI3K is a key regulator of cortical actin and lamellipodia. FAK binding with growth factor receptor-bound protein 7(Grb7) and Grb7 phosphorylation are important for stimulation of cell migration. FAK/PI3K and FAK/Grb7 complexes regulate FAK on cell migration coordinately. FAK also acts on the Rho subfamily of small GTPases, modulates polymerization and depolymerization of actin cytoskeleton, and regulates cell migration (Zhao and Guan 2011) . On the other hand, PI3K also plays a role in maintaining cell polarity and deciding cell migration. Akt is a serine / threonine kinase, one of the major downstream effectors of PI3K (Sheng et al. 2009) , is involved in the phosphorylation of girdin/ Akt phosphorylation enhancer (APE), and promotes the formation of microtubule (Kitamura et al. 2008) . Akt phosphorylation activates endothelial nitric oxide synthase (eNOS), and promotes tip cell selection in response to VEGF gradient (Dimmeler and Zeiher 2000) . Rho GTPase and the feedback loop of PI3K integrate and amplify signals, and both are necessary for cell migration. In addition, FAK phosphorylates N-WASP, a key downstream effector of Cdc42, increases the cytoplasmic localization, promotes activation of Arp2/ 3 complexes, and facilitates actin polymerization in front of migrating cells (Zhao and Guan 2011) .
CD146 associates with proto-oncogene tyrosine-protein kinase Fyn to phosphorylate FAK, rearranges actin cytoskeleton and affects cell-cell interaction and migration. According to recent studies, CD146 activates p38/IKK/NF-κ B pathway, up-regulates NF-κ B downstream pro-angiogenic genes, such as IL-8, intercellular adhesion molecule-1(ICAM-1), matrix metalloproteinase 9 (MMP9), and VEGF, suggesting that CD146/NF-κB signaling cascade plays an indispensable role in tip selection (So et al. 2010 ).
Another molecule involved in tip selection is serum response factor (SRF), one kind of transcription factors. It interacts with other transcription factors, such as EST and GATA families. SRF relates to RhoA signal, regulating transcription of β-actin coordinately (De Smet et al. 2009 ). SRF expression is restricted to ECs in small vessel, more precisely, in tip cells and stalk cells. Endothelial SRF-deficient embryos succumb because of reduced vessel branching, which is not caused by the loss of tip cells or abnormal expression of Dll4 or Notch, but due to the thinner and fewer filopodia in tip cells, less, with disorganized actin on filopodia base. It occurs in stalk cells as well. In vitro, function loss of SRF leads to F-actin reduction, abnormal tip selection and tube structure (De Smet et al. 2009 ).
Cyclooxygenase (COX) is a key enzyme for prostaglandin production. COX2 subtype is induced by intracellular signals, such as growth factors. In a variety of tumors, COX2 expression is up-regulated (Toomey et al. 2009 ). In ECs, exogenous VEGF combines with VEGFR2, stimulates EC proliferation and tube formation by up-regulation of COX2 and prostacyclin 2(PGI2). In addition, COX2 also increases by responding to integrin αvβ3. Similarly, VEGF increases PGI2 through VEGFR1-VEGFR2 hetero dimer, and up-regulates COX2 via the PLC γ-IP3/Ca 2+ -calcineurin -NFAT pathway (Toomey et al. 2009 ). On the other hand, COX2 inhibitor blocks Akt phosphorylation in tumor ECs and induces cell apoptosis (Gately and Li 2004) .
CAMP-dependent protein kinase A (PKA) is signaling hub during angiogenesis, which regulates tip/stalk cell behavior by (Chuang et al. 2015) WISP-1 Human oral squamous cell carcinoma cells VEGF-C-dependent lymphangiogenesis -Inhibiting miR-300 (Lin et al. 2016) WSP-1 osteosarcoma VEGF-A expression -Inhibiting miR-381 and FAK/JNK/HIF-1alpha signaling pathways (Tsai et al. 2017) WSP-2 endothelial cells Antiangiogenesis -Matrix metalloproteinase 14 (MMP14) (Butler et al. 2017) WSP-3 Chondrosarcoma VEGF-A expression and angiogenesis -Inhibiting miR-452 via the c-Src and p38 pathways (Lin et al. 2017) restraining tip cells formation. In zebrafish, the ability of PKA to regulate the tip cells is not related to notch signaling (Nedvetsky et al. 2016) .
Perspective
Blood vessels provide nutrients and oxygen for tumor, as well as routes for tumor metastasis and opportunity to grow in other parts of human body. Thus, the vascular system in tumor has become a key for anti-tumor therapy. Currently targeted anti-VEGF angiogenesis therapy causes various side effects and drug resistance (Bergers and Hanahan 2008) ; therefore scientists are looking for novel alternative methods (Chen and Cleck 2009) . Tip-stalk cells are different from the quiescent ECs, so the understanding of tip selection and tip-stalk shuffling should facilitate the design of more effective multi-targeted treatments.
There are multiple problems to consider. First, the basic knowledge about tip selection is mainly from in vitro cell culture model. But the three-dimensional environment in vivo is more complex, especially how various factors affect each other during the tip selection and tip-stalk shuffling in vivo. Second, the endothelial cell heterogeneity which could be detected by single-cell transcriptomics influences tip selection. In addition, the influence of the neuroendocrine system, immune system and microenvironment are all involved in angiogenesis. Angiogenesis is a complex process regulated by multiple factors. Modern life science believes that biological function is not usually produced by a single gene or its product, but by multiple genes, their products, the interaction among them, and their interaction with the external environment. Therefore, biomolecule network is the foundation of complex biological systems. Understanding the biomolecule network is expected to accelerate the drug targets discovery and obtain a more desirable effect on angiogenesis. Many factors have been tested in vitro to evaluate the pro-angiogenic or anti-angiogenic potential, but how they can affect tip selection and tip-stalk shuffling needs further investigation and can be promising, potential therapeutic targets for angiogenesis-related diseases.
